EphB2 and EphB3 have been generated, there is no Neuron 542
direct evidence implicating either molecule in retinotecretina during early embryonic development. Overexpression of Xenopus Vax2 or human VAX2 in Xenopus tal mapping Orioli et al., 1996) . In contrast to the A-P axis, where methods such as the embryos leads to an aberrant eye phenotype, characterized by a grossly expanded optic stalk, and expansion stripe assay have provided important insights into axon guidance mechanisms, the behavior of ganglion cell axof Pax2, a marker of optic stalk and disc (Barbieri et al., 1999) . These data suggest that Vax2 plays a role in early ons along the retinal D-V axis in response to the lateral or medial tectum has not been clearly established. Moreeye field division but do not address the role of Vax genes in retinal D-V asymmetry and retinotectal projecover, the mechanisms that control the graded expression of A-or B-type Eph molecules in the retina are not tion. We show that ectopic expression of either gene in the dorsal retina is sufficient to completely ventralize understood.
An important prerequisite for any aspect of retinal the expression patterns of several known markers of retinal D-V asymmetry, including the EphB molecules patterning is the acquisition of distinct positional cues within the developing retina along A-P and D-V axes.
EphB2, EphB3, ephrinB1, and ephrinB2, as well as Tbx5 and Pax2. Moreover, ectopic cVax expression caused Surgical manipulations, such as excision or rotation of the eye anlage, followed by analysis of the retinotectal profound targeting errors of dorsal ganglion cell axons in vivo. The data presented here suggest a central role projection map, have suggested that the retinal A-P axis is determined before invagination of the optic vesicles for mVax2 and cVax in the early patterning of the neural retina and have important implications for the under-(Dü tting and Thanos, 1995). Recent work on the wingedhelix transcription factors chick brain factor 1 and chick standing of axon guidance along the retinal D-V axis. brain factor 2 (CBF-1 and CBF-2) has shed light on some of the molecular pathways that control the early Results acquisition of A-P polarity in the chick retina (Yuasa et al., 1996) . However, the mechanisms that establish D-V Cloning of mVax2 and cVax To identify factors that could determine D-V polarity in polarity within the neural retina remain largely unknown.
Here, we describe the cloning and identification of the vertebrate retina, we screened by degenerate PCR for molecules that show differential expression along two Emx-related homeobox genes-mVax2, also recently reported (Barbieri et al., 1999; Ohsaki et al., 1999), the D-V axis of the mouse retina early in development.
In the course of our analysis, we isolated a mouse cDNA and cVax-that are expressed specifically in the ventral clone encoding a novel, predicted homeodomain-conthe expression profile of cVax during development approximates that of both mVax1 and mVax2 (see below), taining protein of 293 amino acids ( Figure 1A ) that shared significant homology to the Emx family of homeobox suggesting that cVax encompasses the function of both murine Vax genes. genes, which are thought to be involved in regionalization of the telencephalon ( Figure 1B) To gain further insights into the function of these genes, the spatial and temporal expression patterns of mVax2 which is expressed in the optic stalk and ventral forebrain during mouse and Xenopus development (Hallonet and cVax within the neural retina were examined by whole-mount and section in situ hybridization ( Figure  et al., 1998) . The gene that we identified was isolated independently by Ohsaki et al. (1999) and Barbieri et al.
2). During neurulation, bilateral optic vesicles appear as evaginations from the diencephalon. The optic vesicles (1999). It is referred to as mVax2. Unlike mVax1, mVax2 is expressed exclusively in the ventral retina, both during subsequently invaginate to form the bilayered optic cup, which gives rise to the neural retina and pigmented embryonic development and in the adult, as determined by Northern blot analysis (data not shown) and in situ epithelium. At this time, the optic stalk, which is a transient structure supporting formation of the optic nerve, hybridization (see below, Figures 2A-2D ). mVax2 was mapped to chromosome 6, linked to Cbl-ps1, D6Xrf91, is formed. Expression of mVax2 was first detected at embryonic day 9.5 (E9.5) of mouse development, after Wnt7a, and Pang ( Figure 1C ), a region syntenic to the chromosomal region harboring the EMX1 locus in huneural tube closure. At this stage, expression was restricted to the ventral portion of the optic vesicle (Figures mans (Kastury et al., 1994) . It is interesting to note that mVAX1 is found near the EMX2 locus (Hallonet et al., 2A and 2B). After invagination of the optic vesicles and optic cup formation, at E10.5 and E12.5, graded expres-1998), perhaps indicating that this family arose from a tandem duplication event.
sion was observed in the ventral hemisphere of the retina ( Figures 2C and 2D ). The expression of mVax2 sharply To utilize the experimental advantages of the chick embryo system for testing gene function during developcontrasts with that of mVax1 (Hallonet et al., 1998), as no expression in the optic stalk or ventral telencephalon ment, we searched for chick homologs of mVax2. After screening several early embryonic and retinal cDNA liwas found. In chicken, cVax transcripts were first detected within the ventral eye at Hamburger-Hamilton braries, only a single Vax homolog was isolated from chick retinal cDNA. The encoded protein, cVax, is most (HH) stage 14, as the optic vesicle invaginates ( Figure  2E ). Expression continued to be restricted to the ventral closely related to mVax1 (Figures 1A and 1B) . However, To address the relationship between the early ventral per experiment and observed ventralization of EphB receptor and ephrinB expression in all Vax-infected speciexpression of mVax2/cVax and the polarized expression mens. We did not observe any differences between retidomains of these EphB molecules, we examined the nae infected with RCAS-cVax and those infected with consequence of misexpressing cVax and mVax2 in the RCAS-mVax2. Generally, we obtained complete infecdorsal retina on EphB expression. To this end, we utition of the neural retina at E8, which resulted in a uniform lized the replication-competent retroviral vector RCAS up-or downregulation of the analyzed EphB molecules (replication-competent avian virus with splice acceptor; across the retina. In rare cases, we observed an incomPetropoulos and Hughes, 1991; Morgan and Fekete, plete effect in terms of the ventralization of the pattern 1996) carrying one of the following: mVax2 (RCASof EphB molecules (e.g., Figure 5F ). The areas where mVax2), cVax (RCAS-cVax), a control cDNA-alkaline alterations of the Eph profiles were detected in these phosphatase (RCAS-AP), or an unrelated homeobox specimens correlated with the domains of retroviral ingene, SOHo-1 (RCAS-SOHo-1). High-titer viral stocks fection (data not shown). Thus, forced expression of were injected into both optic vesicles at HH stage 11. mVax2/cVax in the dorsal retina caused the adoption of The injected eggs were sacrificed at E8, and the retinae ventral retinal characteristics. temporal-ventral retina (n ϭ 6; Figures 6I-6K). As obdays later, at E18.5-19. In chicken, the maturation of served with the controls, the labeled fibers entered and the retinotectal projection map is complete by E16 (Naprojected into the medial tectum, close to its rostral kamura and O'Leary, 1989). By this time, aberrant or edge ( Figures 6J and 6K) . A well-defined TZ was obovershooting axons have been eliminated, and only corserved in all cases. In two specimens, in which DiI was rectly targeted projections within a well-defined, foplaced closer to the D-V midline (i.e., in areas that norcused termination zone (TZ) remain. Therefore, both DiI mally express only low levels of cVax; compare Figure  labeling and the subsequent analysis of the fiber behav-2H), the TZ had a more diffuse appearance (data not ior were performed after maturation of the retinotectal shown). Furthermore, neurofilament staining of ganglion map.
cell axons in the stratum opticum revealed clear disorgaIn control animals (uninfected or infected with the nization of the fibers in the lateral but not the medial control virus, RCAS-AP; n ϭ 7), dorsal axons entered optic tectum (data not shown). Thus, cVax misexpresthe optic tectum at its most rostral-lateral edge and sion caused grossly aberrant projections of dorsal ganformed a tight TZ in the lateral tectum along the rostralglion cell axons but appeared not to alter the projections caudal midline (Figures 6B and 6C) , reflecting the exof fibers emanating from the ventralmost retina. pected axon behavior (Crossland et al., 1974) . Moreover, following infection with a control virus carrying an Discussion unrelated homeodomain protein, SOHo-1, dorsal axons formed a TZ within the expected tectal region, and none Structure and Expression of mVax2 and cVax of the phenotypes typical for dorsal ganglion cell axons Here, we describe the cloning and characterization of after cVax misexpression (see below) were observed. two Emx-related homeobox genes, mVax2 and cVax, This indicates that misexpression of any homeodomainthat play a key role in patterning of the retinal D-V axis. containing protein in the retina does not grossly affect All Vax genes cloned to date, mVax1, mVax2, and cVax, axonal mapping (data not shown).
share identical homeodomain sequences (Figure 1b) . The normal, precise projection pattern of dorsal axons Sequence similarities, although limited, can also be was abolished following retroviral misexpression of cVax found outside the homeobox. mVax2 was mapped gein the early retina (12 of 13 embryos; Figures 6D-6H) .
netically to mouse chromosome 6, a region homologous First, the axonal trajectories were much more medial to the chromosomal region containing the EMX1 locus than in the control. Dorsal ganglion cell axons grew into in humans (Kastury et al., 1994) . Interestingly, mVAX1 the lateral tectum, close to the lateral-medial midline is located close to the EMX2 locus (Hallonet et al., 1998), instead of close to the rostral-lateral edge, as dorsal raising the possibility that this family is the result of a fibers in control animals do. Indeed, their pathway never tandem duplication event of an ancestral EMX/VAX pair. encompassed the lateralmost tectum, where their TZ Unlike Emx1 and Emx2, which have overlapping expreswould normally be found. Occasionally, a small number sion domains (Boncinelli et al., 1995), the mouse Vax of dorsal axons were found to enter the medial optic genes are expressed in mutually exclusive domains. tectum ( Figures 6G and 6H) . However, we never obWhile Vax1 expression is seen in the optic stalk and served a case in which all dorsal axons projected and ventral forebrain during mouse and Xenopus developformed a TZ in the medialmost tectum, which would ment, mVax2 expression is restricted to the ventral neuconstitute a complete ventralization of the projections. ral retina. cVax viral misexpression appears therefore not to be The Vax gene identified in chicken, cVax, displays sufficient to fully convert dorsal into ventral mapping highest sequence similarity to mVax1, suggesting that it behavior. Second, no mature TZ could be found followis the chick homolog of mVax1 (Figure 1b) . Its expression ing cVax misexpression (12 of 13 cases). The labeled domains during chick embryonic development encomaxons frequently changed their orientation and formed pass those of both mVax1 and mVax2. Therefore, the a lattice-like network of processes extending over large functional role of Vax in chicken seems to be achieved areas of the tectum, encompassing as much as oneby tissue-specific regulation of a single gene, although third of the lateral tectal surface. Most strikingly, frequent we cannot strictly exclude the possibility of an additional collaterals and ectopic arborizations were observed (12 Vax gene in chicken. The onset of cVax expression durof 13 cases; Figures 6D-6H ). These arborizations aping early eye morphogenesis coincides with that of the peared to be located near the tectal surface within the transcription factor Tbx5, which is confined to the dorsal stratum opticum rather than in the deeper tectal layers, retina ( scripts, it may be involved in Pax2 regulation at a later To test whether the phenotype following cVax misexstage in development. We are currently investigating pression was specific to the dorsal retina, we analyzed the axonal behavior of more ventrally located ganglion this issue. The regulation of Pax2 by cVax seems to be 
Figure 6. Retinotectal Projections at E18-E19 in Control and RCAS-cVax-Infected Animals (A) Outline of the retina, whose projections are shown in (B); the arrow indicates the position of the DiI label in the dorsal periphery, close to the nasal-temporal midline. Corresponding sites were labeled in (D) through (H). (B and C) A typical tectal projection pattern following retinal labeling of a small population of dorsal fibers in uninfected animals. The axons entered from the left lateral tectum at its rostral end, traveled along the lateral edge, and formed a tight TZ near the rostral-caudal midline. (B) Whole-mount view of the DiI-labeled fibers, with the point of axon entry marked by a red arrow. (C) Schematic drawing of the entire left tectum shown in (B). The axon pathway is indicated in red. (D and E, and F-H) Two examples of dorsal axon fiber pathways following RCAS-cVax infection of the early retina. (D and E) Whole-mount views of the left lateral region of an infected tectum. The axons were directed toward the caudal-medial tectum, rather than the caudal-lateralmost region of the tectum, as in controls (i.e., compare with [B] and [C]). In each case, the fibers did not form a tight TZ but instead formed arborizations and aberrant projections at various sites. In (E), schematic drawing of the tectum shown in (D). (F and G) Axon trajectories of dorsal ganglion cell fibers on the lateral optic tectum of another cVax-infected animal. In this specimen, a small number of axons entered the medial tectum; these axons also failed to form a T2. The point of axon entry into the medial tectum is shown with a red arrowhead in (G) and (H). (H) Schematic drawing of the tectum shown in (F) and (G). In panels (B-H) the axon entry point into the lateral optic tectum is indicated by a red arrow; the fiber pathway is indicated in red in (C), (E), and (H), respectively. (I) Outline of the retina labeled with DiI in the ventral-temporal periphery, whose projection into the tectum is shown in (J). The arrow indicates the placement of DiI. (J and K) A typical projection pattern into the tectum following retinal labeling of a small population of ventral-temporal fibers in RCAS-

